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ABSTRACT
The COVID-19 pandemic has caused a global shortage of personal protective equipment. While existing supply chains are
struggling to meet the surge in demand, the limited supply of N95 filtering facepiece respirators (FFRs) has placed healthcare
workers at risk. This paper presents a method for scalable and distributed manufacturing of FFR filter material based on a
combination of centrifugal melt spinning utilizing readily available cotton candy machines as an example. The proposed method
produces nonwoven polypropylene fabric material with filtering efficiency of up to 96% for particles 0.30-0.49 µm in diameter.
We additionally demonstrate a scalable means to test for filtration efficiency and pressure drop to ensure a standardized degree
of quality in the output material. We perform preliminary optimization of relevant parameters for scale-up and propose that this
is a viable method to rapidly produce up to one million N95 FFRs per day in distributed manner with just six machines per site
operating across 200 locations. We share this work as a starting point for others to rapidly construct, replicate and develop
their own affordable modular processes aimed at producing high quality filtration material to address the current FFR shortage
globally.
Introduction
The COVID-19 pandemic caused by the SARS-CoV-2 coronavirus has resulted in widespread shortages of personal protective
equipment, especially N95 filtering facepiece respirators (FFRs), which are critical to the safety of patients, caretakers, and
healthcare workers exposed to high volumes of aerosolized viral pathogens. The unprecedented demand for N95 FFRs has
rapidly depleted existing supply chains, causing medical centers in major cities to initiate efforts to decontaminate N95 FFRs
for reuse. Resource limited regions that normally have very limited access to N95 FFRs have limited choice but to utilize
ineffective substitutes such as T-shirts and tissues, which places their already-limited number of healthcare workers at great risk
of infection. While existing N95 supply chains have struggled to meet the surge in demand, bad actors have begun flooding the
market with counterfeit FFRs that are incapable of providing appropriate respiratory protection 1. For these reasons, there is an
urgent need to augment the existing supply chain of valid N95 FFRs through distributed, rapidly accessible manufacturing
methods combined with quality control and local testing and validation techniques.
The National Institute for Occupational Safety and Health (NIOSH) require filters with an N95 rating to remove at least
95% of particles ≥ 0.3 µm in size1. Commercial N95 filters typically consist of three to four layers of non-woven fibrous
material that trap aerosolized viral particles within its fiber matrix using a combination of inertial and electrostatic forces. The
fiber matrix is typically composed of a blend of nano- and micrometer diameter polymer-based fibers. Previous studies2–4 using
electrostatic field meters suggest2 that these fibers hold a baseline electrostatic potential of up to 10V at a tip-sample distance of
75 nm.
The N95 filter material is produced on an industrial scale in a process called "meltblowing"5, 6, where high velocity
1At the time of writing, the CDC is actively maintaining a growing list of counterfeit N95 products.
2There’s limited publicly-available data on the electrostatic charges of commercial polymers, and the measurement process itself is quite involved.
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air streams are blown through nozzles that coaxially extrude molten polymer. Thermoplastics such as polypropylene and
poly-4-methyl-1-pentene are commonly used in this process because of their low water retention and desirable melt-flow
properties7. Electrostatic charge contributes as much as 95% of the filtration efficiency8 and is typically accomplished using
corona charging9. However, expanding production to new industrial meltblowing facilities is a major effort that includes
precision manufacturing of large-scale, specialized extrusion dies as well as design of an extensive fabrication workflow,
requiring months of construction before operation is possible10. Existing N95 FFR manufacturing methods by meltblowing
therefore are incompatible with the urgent need for increased supply.
In this study, we investigate centrifugal melt spinning (CMS) as a small-scale, distributed manufacturing approach for N95
FFR production. With very simple equipment and operational methods, we hypothesize that CMS can be rapidly deployed
to address the increased demand in N95 FFRs. Laboratory-scale CMS-based methods are estimated to have 50-fold greater
throughput than equivalent electrospinning methods, with production rates of up to 60 g/h per orifice11. The physical footprint
of CMS operation is significantly reduced compared to that of industrial meltblowing operations, allowing multiple CMS
production lines to be run in parallel at smaller, local settings. CMS-based methods have been previously used for the fabrication
of poly(lactic acid), poly(ethylene oxide), and polypropylene nano- and microfibers12, 13.
Here, we apply centrifugal melt spinning to address the ongoing N95 FFR shortage and construct a readily distributable,
low-cost and modular laboratory-scale fiber production apparatus. We report characterization of fiber morphology and filtration
performance of CMS-produced polypropylene fiber material and investigate electrostatic charging through the application
of an external electric field in two different ways. We perform preliminary optimization of parameters relevant to N95 FFR
manufacturing using CMS and propose how the process may be scaled up through distributed manufacturing.
Results and Discussion
Figure 1. Production of Filtration Media Using e-CMS. A A commercial cotton candy machine is connected to a van de
Graaff generator to produce a high voltage on the collection drum. B The raw material is collected as a loosely packed bale
right, top. The raw material is subjected to compression left to produce samples of controlled grammage. Our highest
performing samples gave a filtration efficiency equivalent to N95 right, bottom. C the collection tub surrounds a spinneret that
is filled with polypropylene resin and heated so that the resin flows through orifices along the perimeter of the spinneret. D The
high-throughput nature of this process means bulk quantities of this material can be rapidly produced.
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Process Design
Centrifugal melt electrospinning of non-woven polypropylene fibers requires high temperatures (165◦C), high rotational speeds
(3,000 - 12,000 RPM) for producing fine fibers, and a means to impart electrostatic charge on the nascent fibers. Commercial
cotton candy machines, normally used for centrifugal spinning of sugar-based fibers, are a convenient apparatus for producing
sufficiently high temperatures, although many designs do not have sufficiently fast rotational speeds. Larger industrial-grade
machines, such as the one used in this report, achieve higher rotational speeds, enabling production of fibers suitable for use as
a filtration material (Figure 1). The material studied in this report was produced using a cotton candy machine modified only
by replacing the standard aluminum mesh with a solid aluminum ring. The ring has several small apertures (600 µm) along its
perimeter, thereby allowing more effective distribution of heat and better control over fiber morphology.
The choice of polymer resin is an important consideration for producing fibers. For example, previous work has shown a
strong dependence of fiber diameter on melt flow rate, a measure closely related to molecular weight and viscosity12. In this
study, we used three different types of polypropylene resin: (1) high molecular weight isotactic (high-MW), (2) low molecular
weight isotactic (low-MW), and (3) amorphous. We observed fiber formation for all three resins. The resulting fibers are
collected as a loose bale, similar to how cotton candy appears. It is necessary to increase the density of the material before its
filtration efficiency can be evaluated.
Figure 2. Optical microscopy analysis. (Top) confocal images of high (left) and low (right) MW fibers. Histogram (bottom)
showing fiber diameters for the samples above. Average fiber diameter was calculated from N=50 unique fibers.
Material Characterization
We hypothesized that the polymer properties of the polypropylene feedstock would significantly determine the material
properties of filtration media produced by our CMS process. We found that material produced using isotactic polypropylene of
low molecular weight (average Mw ∼12,000, average Mn ∼5,000) yielded fibers that were mechanically brittle and more prone
to disintegration as compared to higher molecular weight isotactic polypropylene. Amorphous polypropylene produced dense
material that displayed high cohesiveness and adhesiveness, meaning it was not compatible for application as FFR material.
Confocal imaging of fibers produced from isotactic polypropylene revealed an average fiber diameter of around 7-8 µm (Figure
2), with a greater spread in fiber diameter in the case of high molecular weight polypropylene.
After compaction, isotactic polypropylene samples exhibited grammages of about 620-695 gm−2, significantly greater
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Figure 3. Electron microscopy analysis. SEM image taken for a N95 FFR (filtering facepiece respirator) material on the
left; as compared to a high molecular weight CMS material on the right.
than commercial N95 FFR material (141 gm−2). Compacted samples produced by CMS were also significantly thicker than
commercial N95 FFR material, yielding samples 1.2-1.8 mm in thickness as compared to about 0.7 mm. Material density after
compaction was also about twice that of commercial N95 FFR material (0.44 vs. 0.20 gm−3) (Table 1). Scanning electron
microscopy (SEM) was used to compare a commercially available N95 filtration material with CMS-produced and compacted
high molecular weight material (Figure 3). The images indicate that the compaction results in the formation of a well-packed
fiber matrix, suitable for further testing.
Filtration media rated for N95-grade performance requires removal of at least 95% of particles of average diameter 0.3 µm.
To verify the applicability of our CMS material in the context of FFRs, we performed filtration testing using a custom-built setup
involving a handheld particle counter and a capsule constructed from threaded PVC piping to hold circular samples excised
from bulk, compacted CMS material. Using incense smoke as a source of particles primarily in the 0.3 µm diameter range,
we found that material produced by our CMS process enabled filtration efficiencies that exceeded 95% on average for three
independently compacted samples. We found that N95-grade performance was achieved regardless of the molecular weight
of polypropylene used (Figure 4, right). Samples excised from commercial N95 FFR material yielded an average filtration
efficiency exceeding 97%, as expected. By contrast, samples excised from T-shirt fabric material (suggested for homemade
masks by the CDC) gave a filtration efficiency of 45%, similar to previous reports14. Airflow pressure drop across our CMS
material samples was found to significantly greater than that of commercial N95 FFR samples (20 vs. 3.2 kPa) (Figures 4, left,
and 9). This suggests that high filtration efficiency in the case of CMS material was achieved at the expense of breathability
relative to commercially manufactured filtration material. The significantly higher grammage of compacted CMS samples
relative to N95 FFR material likely gives rise to this reduced breathability and could be addressed by reducing the mass of
material used for compaction. Moreover, given that increased electrostatic charging of non-woven fibrous material enables
higher filtration efficiency for a given material density8, introducing electrostatic charging could improve breathability of our
CMS material while maintaining high filtration efficiency.
Effects of Electrostatic Charging
Although not necessary, electrostatic charging contributes significantly to filtration efficiency, especially for particles of diameter
< 5µm, a range potentially relevant to SARS-CoV-2 transmission15, 16. We first attempted to introduce electrostatic charge
on filtration material after production by CMS using corona charging17, 18, coupling to a van de Graaff generator, as well as
triboelectric charge transfer using polystyrene material. A surface voltmeter was used to measure the voltage close to the
insulator surfaces. Surface charge density on the fibers was then estimated based on the measured voltage readings (details in
the methods section). Charge density on a commercial N95 FFR material was estimated to be around -2000 nCm−2. Compacted
filtration material produced using high MW polypropylene have exhibited charge densities close to -1000 nCm−2. After
charging using the above three methods, estimated surface charge densities on the CMS-produced fibers have been calculated to
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Sample Low MW CMS High MW CMS N95 FFR
A 753.1 (0.440) 522.0 (0.446) 115.5 (0.165)
B 629.0 (0.422) 564.8 (0.471) 145.5 (0.202)
C 701.7 (0.465) 770.2 (0.412) 162.6 (0.246)
Grammage 694.61±62.35 619.01±132.67 141.20±23.82
Density 0.442±0.021 0.443±0.030 0.204±0.041
Table 1. Grammages (in gm−2) and densities (in gm−3) of compacted samples produced by centrifugal melt spinning of
three different types of polypropylene feedstock
Figure 4. Filtration efficiency and pressure drop testing of filtration material produced using CMS. Particle filtration
efficiency of filtration materials were tested using incense smoke as a source of particles and a handheld particle counter
(Lighthouse 3016). Circular samples of commercial N95 FFR (Kimberly-Clark), compacted CMS material produced from
polypropylene feedstock of two different molecular weights, and T-shirt fabric were excised and characterized in a custom-built
filtration testing apparatus. Filtration efficiency was calculated as the ratio of detected particles (0.30-0.49 µm) with and
without filter. T-shirt fabric material consisted of 50% cotton, 25% polyester, and 25% rayon. Pressure drop testing was
performed at a constant flow rate of 4.00 Lmin−1 using an in-line pressure sensor (Honeywell) and the same excised material
samples. Breathability is reported as the inverse of pressure drop across material and is taken relative to that measured for
commercial N95 FFR material.
Material Sample 1 Sample 2 Sample 3 Average
Commercial N95 FFR 97.76 98.04 96.22 97.34
High MW CMS 94.94 95.52 98.10 96.19
Low MW CMS 96.57 96.63 93.33 95.51
Woven T-shirt 56.07 23.13 56.17 45.12
Table 2. Filtration efficiency values of filtration material produced using CMS in comparison to other materials for particles in
the range of 0.30-0.49 µm.
be as high as -9500 nCm−2. However, our surface charge measurement method does not accurately reveal the homogeneity or
stability of the transferred charges, and therefore careful interpretation of the measured charge density values is advised. Further
measurements which can help analyze the uniformity of charges are necessary to inform how to use electrostatic charging for
improved filtration efficiency.
We also attempted charging of fibers during the production process (e-CMS) by applying an external electric field between
the heated CCM spinneret (containing molten polypropylene) and collection drum. Charging of fibers would occur by trapping
induced dipoles in the fibers in the aligned state after solidification17. Preliminary results indicated that this method of charging
did not noticeably influence fiber morphology or improve filtration efficiency (Figures 7 and 8). Parallel efforts by another
group using a CMS process have similarly shown that kilovolt-strength electric potentials are not necessary (OIST)19. Further
development of the CMS process to accommodate and better understand potentially beneficial effects of charging during fiber
production remains important.
Future Work and Process Scaling
We are continuing to develop this approach to increase both output and quality at a lower cost. This involves not only continued
tool building but also community engagement.
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We are currently building a device from the group up using readily available components can reduce cost by avoiding the
unnecessary, specialized components associated with a cotton candy machine. The motivation for this is twofold. First, a
purpose built device will offer greater control over experimental parameters. For example, a simple spindle rotor offers greater
control over and access to higher rotational speeds. This has the potential to reduce fiber diameter, offering improvements in
filtration performance, and increasing throughput. Additionally, a modular device design will allow for much more flexibility
in testing different approaches for charging the material during production. This is especially valuable since it allows for
community based development, where improvements to the process can be made in a distributed way. Second, the use of
readily available components can reduce cost by up to 50%. The current unit cost of our prototype is ∼ $1,000. This cost is
based on a standard cotton candy machine ($650), a custom machined cylinder ($50), and a van de Graaff Generator ($300). A
50% reduction in unit cost increases the economic scalability of this approach.
The two main objectives of this work is to develop an FFR manufacturing method in an affordable and also high-throughput
manner. During our prototyping phase, we iterated over several unique CMS designs and have been able to consistently
produce at least 1-2 g/min of material across a range of processing parameters. Given that a typical N95 FFR contains ∼ 2g of
filtration material, we can gain some perspective on the extent to which the present proposal can make a meaningful impact. A
single CMS can produce enough filtration material for 1000 FFRs in a day. Therefore, a small scale facility consisting of 6
CMS devices operated for 12 hours by a small group of people to produce enough material for 5000 FFRs per day. This is
sufficient to supply the daily demand of a large medical facility20. Alternatively, 1000 CMS devices operating as a distributed
network provides a rapidly configurable and resilient manufacturing capacity equivalent to a single, industrial-scale facility. We
believe that the approach described here has the potential to make a significant contribution towards addressing the current FFR
shortage. Our work represents a starting point for others to construct and develop their own affordable modular processes for
producing high quality filtration material.
Methods
Materials
Amorphous polypropylene, isotactic low molecular weight (average Mw ∼12,000, average Mn ∼5,000) polypropylene, and
isotactic high molecular weight (average Mw ∼250,000, average Mn ∼67,000) were purchased from Sigma-Aldrich (St. Louis,
MO). Commercial N95 FFR material was obtained from a Kimberly-Clark 62126 Particulate Filter Respirator and Surgical
Mask (Kimberly-Clark Professional, Roswell, GA).
Preparation of filtration material
Nano- and microfibers were prepared using a modified cotton candy machine (Spin Magic 5, Paragon, USA). Polypropylene
resin was placed directly into the preheated spinneret while in motion. Fibrous material was collected on the machine collection
drum and compacted against a heated metal plate (130◦C, 30 s, 4.23 kgcm−2) using a cylindrical pipe and plunger. Three
independent replicates were compacted for each sample tested, sourcing from the same batch of material produced for each of
the three types of polypropylene. Circular samples (17.25 mm diam.) for filtration testing were excised from this compacted
material.
As shown in Figure 5 (B), the circular samples are placed into a test filter assembly. A test filter consists of a disc of sample
material (1 mm thick) held between two laser-cut Plexiglas mesh screens (1.6 mm thick, 17.25 mm diam.) (see Figure 5). The
filter assembly is inserted between two threaded PVC pipe connectors that are press-fit onto the testing jig. The edges of the
filter assembly are wrapped with a paraffin wax seal (Parafilm, Bemis Inc, USA) to secure the three layers together and prevent
air from leaking around the filter within the PVC pipe.
Electron microscopy
A Hitachi TM-1000 tabletop SEM was used to obtain the micrographs. The fiber samples were attached to the stage using
conductive silver paste. No sputter coat was added to the materials.
Electrostatic charging
Corona charging was done by placing samples on top of a grounded aluminum plate and applying a steady ion current through
point electrodes that are connected to a high DC voltage source (Model PMT2000, Advanced Research Instruments Corp.). The
distance between the point electrodes and the sample was about 5 mm. The voltage of the emitters was set to 4800 V. Charging
beyond 30 minutes brought no additional increase in surface charge. E-CMS was performed by connecting the collection
drum with a Van De Graaff generator, resulting in a steady-state voltage of approximately -18 kV. Triboelectric charging was
performed by rubbing the sample directly against a range of materials. In particular, metal and cardboard were found capable of
imparting negative charges on polypropylene samples, while polystyrene sheets had the opposite effect.
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Charge measurements
A surface DC voltmeter (SVM2, Alphalab Inc., USA) was used to measure the voltage of the fiber material, 2.54 cm away from
the fiber mesh surface. The surface charge density is estimated using manufacturer-provided21 equations
Q
A = αV f ( f −1)
f =
√
1+ D
2
4L2 ,
where Q is the surface charge (C), A is the area (cm2) of fiber mesh, V is the measured voltage (V), D is the diameter (cm) of
the fiber mesh, L is the distance (cm) of the mesh surface away from voltmeter sensor, and α = 3.6×10−14 is device-specific
parameter provided by the manufacturer.
Filtration testing
The filter efficiency testing is done using a custom experimental setup that includes a handheld particle counter (Model 3016
IAQ, LightHouse, USA), 100 g incense (Nag Champa, Satya Sai Baba, India), and connectors (universal cuff adaptor, teleflex
multi-adaptor). Whereas a typical testing setup uses an all-in-one filter tester, e.g. an 8130A automated filter tester (TSI
Automated, USA) that supports a flow rate up to 110 Lmin−1, our system was run at an airflow rate of 2.83 Lmin−1. The
incense produces particles of various sizes, including those in the range picked up by the detector (0.30-10 µm), and primarily in
the 0.30-0.49 µm range. To calculate the filtration efficiency, the ratio of unfiltered particles detected to the number of particles
detected without filter is subtracted from unity.
Pressure drop testing
Figure 5. A. Filtration testing setup 1: Incense stick 2: Test filter assembly. 3: Lighthouse 3016 handheld particle counter B.
Test filter assembly Compressed sample is placed between two acrylic mesh screens, sealed on the sides with paraffin tape and
held in place using the pipe screw setup. C. Pressure drop testing 1: Flow control valve 2: Airflow measurement sensor 3:
Test filter assembly 4: Pressure sensor and micro-controller.
The same sample-containing capsule used for filtration testing was also used for pressure drop measurements. Compressed
air flow was delivered at a constant rate of 4.00 Lmin−1, similar to that experienced during human respiration accounting
for the smaller sample cross-sectional area compared to a full FFR. The airflow rate is measured using a Mass Flow Meter
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SFM3300 (Sensirion AG, Switzerland) and the pressure drop is measured using a Honeywell Trustability Series pressure
sensor (Model HSCDANN005PGSA3, Honeywell International Inc., USA). Sensor data is acquired using an Arduino Mega
microcontroller development board (Arduino AG, Italy).
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Figure 7. Optical microscopy analysis. (Top) confocal images of high (left) and low (right) MW fibers subject to a high
voltage applied to the collection drum. Histogram (bottom) showing fiber diameters for the samples above. Average fiber
diameter was calculated from N=50 unique fibers.
Figure 8. Filtration efficiency of all filtration samples tested.
Figure 9. Pressure drop of all filtration samples tested.
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Figure 10. Surface charge measurement. A commercial voltmeter (alphalabs inc.) was used to measure the surface voltage
of sample materials. The surface charges were then calculated based on the measured voltages. Samples were kept 2.54 cm
away from the sensor for the measurements.
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